Enrichments capable of toluene degradation under 02-free denitrifying conditions were established with diverse inocula including agricultural soils, compost, aquifer material, and contaminated soil samples from different geographic regions of the world. Successful enrichment was strongly dependent on the initial use of relatively low toluene concentrations, typically 5 ppm. From the enrichments showing positive activity for toluene degradation, 10 bacterial isolates were obtained. Fingerprints generated by PCR-amplified DNA, with repetitive extragenic palindromic sequence primers, showed that eight of these isolates were different. Under aerobic conditions, all eight isolates degraded toluene, five degraded ethylbenzene, three consumed benzene, and one degraded chlorobenzene. meta-Xylene was the only other substrate used anaerobically and was used by only one isolate. All isolates were motile gram-negative rods, produced N2 from denitrification, and did not hydrolyze starch. All strains but one fixed nitrogen as judged by ethylene production from acetylene, but only four strains hybridized to the nifHDK genes. All strains appeared to have heme nitrite reductase since their DNA hybridized to the heme (nirS) but not to the Cu (nirU) genes. Five strains hybridized to a toluene ortho-hydroxylase catabolic probe, and two of those also hybridized to a toluene meta-hydroxylase probe. Partial sequences of the 16S rRNA genes of all isolates showed substantial similarity to 16S rRNA sequences of Azoarcus sp. Physiological, morphological, fatty acid, and 16S rRNA analyses indicated that these strains were closely related to each other and that they belong to the genus Azoarcus. The activity and isolation of at least one toluene-degrading denitrifier from the majority of the habitat types studied suggest that microbes with the capacity to grow anaerobically on toluene are common in nature.
The monoaromatic hydrocarbons known as BTEX (benzene, toluene, ethylbenzene, and xylenes) are one of the major problems in environmental pollution. Their presence in groundwater is a widespread problem because of the leakage of underground petroleum storage tanks and spills at petroleum production wells, refineries, pipelines, and distribution terminals. Many governments have established cleanup standards for these chemicals in groundwater because of their carcinogenic potential (4, 14) .
Biodegradation of BTEX under aerobic conditions is wellknown; oxygen is utilized for ring activation and cleavage and serves as the electron acceptor for the complete oxidation of this compounds (15) . The availability of oxygen, due to its low solubility in water and its low rate of transport through saturated porous matrices such as soil and sediments, is usually the rate-limiting parameter for BTEX removal from contaminated sites. Therefore, BTEX biodegradation in the absence of oxygen would be a very beneficial remediation process. It has only been in recent years that anaerobic degradation of these compounds has been conclusively established. Of the BTEX class of compounds, toluene seems to be the most easily degraded under anaerobic conditions. The degradation of toluene under denitrifying (3, 8, 11, 12, 21, 25, 36) , methanogenic (16, 40) , sulfate-reducing (9, 32) , and ferric iron-reducing (27, 28) conditions has been reported. For bioremediation, the most attractive electron acceptor is nitrate since it is water soluble, not costly, and not seriously toxic and does not react with other inorganic species present, such as ferric iron.
MATERIALS AND METHODS
Enrichments and isolations. Soils and sediments were collected independently from various locations and handled by procedures to prevent any cross-contamination. Samples (5 to 10 g) were incubated without shaking with 10 ml of basal salts (BS) medium (31) amended with 5 mM KNO3 in sterile centrifuge tubes. After 3 days of incubation, the enrichments were centrifuged (1,300 x g for 10 min), the supernatant was removed, and fresh sterile medium was added to the samples. The samples were vortexed and reincubated. This protocol was repeated one more time to deplete easily oxidizable carbon from the samples that could potentially reduce the selection for anaerobic toluene degraders. After the third incubation period, the samples were centrifuged and the pellet was resuspended in fresh medium; the large soil particles were then allowed to settle. The tubes were transported to a Coy anaerobic chamber, and 5 ml of the supernatant was transferred with a sterile syringe to a serum bottle containing 45 ml of BS medium containing 5 mM KNO3 and 5 ppm of toluene that had been prepared by strict anaerobic protocol. Toluene disappearance was evaluated by headspace analyses. Enrichments positive for toluene degradation were spiked again with toluene at a concentration of 5 ppm and then at 25 ppm. The bottles were inverted and incubated, and the production of bubbles on the surface of the Teflon-lined septa indicated denitrification activity. Once (10) a Laboratories from which the clones were obtained from.
bThis strain was provided by J. C. Spain (17) . The probe has strong hybridization to P. cepacia G-4 (22) (Fig. 3C) (Table 2) . Enrichments positive for toluene degradation were obtained from widely separated and dissimilar habitats. Ten isolates that were confirmed as pure cultures and were able to grow on toluene in the presence of nitrate and the complete absence of oxygen were obtained ( Table 2 ). The isolates also came from a wide range of environments. Additional clones that appeared to have toluene-degrading denitrifying activity were obtained, but they were not studied further because it was too difficult to confirm purity, growth was too variable, or they appeared to be identical or closely related to isolates already in pure culture by REP-PCR analysis. Successful enrichment and isolation were strongly dependent on the use of relatively low toluene concentrations, typically 5 ppm. This strategy was used because our early isolation and enrichment attempts were unsuccessful after extensive effort with 250 ppm and because we had noted a considerable increase in the most probable number estimate of aerobic toluene degraders when the toluene concentration was decreased from 250 to 50 ppm and again when reduced to 5 ppm. Thus, we reasoned that toluene toxicity could also be an important factor for successful enrichment and isolation of anaerobic toluene degraders. Once isolated, the cultures were routinely cultured in 25 ppm of toluene and, once growing, could be fed 50 ppm to obtain higher cell yields.
All isolates were obtained from plates of the M-R2A medium incubated aerobically. Some isolates were obtained from the anaerobic toluene vapors plus nitrate or M-R2A plus nitrate medium, but by REP-PCR they were identical to the ones isolated from the same source on the aerobic medium. In all cases, the denitrifying toluene degraders were pinpoint colonies. Larger colonies were also picked, but these isolates were either denitrifiers or toluene degraders. Some of them were capable of both functions but did not carry out both under the same conditions. In some cases, it was very difficult to separate contaminating cells from the denitrifying toluene degrader. Purity was based primarily on uniform and repeated colony morphology after at least 2 weeks of incubation. Consistent REP-PCR patterns and consistent cell morphology were used as confirmatory methods for purity.
We also carried out parallel enrichments for denitrifying benzene degraders, using the same enrichment conditions and environmental samples as those used for the toluene enrichments. No activity could be confirmed by measuring benzene removal from any of the enrichments.
We used REP-PCR to screen for sufficiently different strains for further study. There were eight distinct profiles from the 10 confirmed denitrifying toluene degraders (Fig. 1) . One Tol-4
Pseudomonas cepacia G4 All seven isolates had similar major features but also showed
The morphology of all strains grown anaerobically on toluminor differences which confirmed that they were not identical ene was small rods, typically 1.4 to 2.1 p.m in length ( Fig. 2A) . strains (Table 4 ). All were gram-negative rods and, motile, When grown on M-R2A agar, however, all formed longer cells, produced N2 from denitrification, and did not hydrolyze starch.
2.1 to 2.8 p.m (Fig. 2B) , and some isolates (i.e., Td-3, Td-15, They did not grow well aerobically on complex media such as Td-17, and Td-19) had a tendency to form chains (Fig. 2C ).
TSA. Growth could begin to be seen on 1/10 strength TSA as DNA isolated from the seven new isolates and five wellvery sparse tiny colonies only after 48 h of incubation. M-R2A studied aerobic toluene degraders was digested and hybridized is the best medium that we have found for growth on plates.
on Southern blots to various probes to determine which strains Colonies of 1 to 4 mm in diameter can be obtained after 36 to carried similar sequences. Hybridization with a universal 23S 72 h of incubation. N2 fixation was shown by subsurface pellicle rRNA probe confirmed that sufficient DNA was in all lanes formation in semisolid medium free of combined nitrogen, by and that all strains were different (Fig. 3A) . The probe for the ethylene production from acetylene (all but isolate Td-15), and denitrifying Cu-nitrite reductase gene (nirU) showed no hyby DNA from four of seven strains hybridized to the nifHDK bridization (data not shown), but the heme-nitrite reductase genes (Table 4) .
probe (nirS) hybridized to all strains, suggesting that they are The major fatty acids for all strains studied and their all denitrifiers with the heme-type enzyme (Fig. 3B) . The concentration ranges were cis:9 16:0 (42.3 to 61.9%), 16 :0 (21.5 nitrous oxide reductase probe (nosZ) hybridized to all strains to 38.6%), 12:0 (4.4 to 12.9%), 3-OH-10:0 (1.7 to 7.7%), 14:0 and in different positions (data not shown). Probes for the first (0.9 to 1.55%), cyclo 17:0 (0 to 4.11%), and 18:0 (less than steps in all five aerobic toluene-degrading pathways were used, 1%). Species identification based on total fatty acids and but only the probe for the ortho-hydroxylase (Pseudomonas sp. cluster analysis was not possible since the analysis gave a strain JS150) (Fig. 3C ) and the meta-hydroxylase (P. pickettii similarity index of less than 0.4 by using the MIDI database. PKO1) (Fig. 3D ) genes showed hybridization. Five strains (all The percent similarities among these isolates ranged from 97.8 to 100%. The partial sequences of these isolates showed strong similarity to 16S rRNA gene sequences of the nitrogen-fixing genus Azoarcus (20) . The similarities are Azoarcus sp. strain Sb52 (90.7 to 91.5%), Azoarcus sp. strain BH72 (92.6 to 94.1%), and Azoarcus indigens (93.4 to 94.9%). The phylogenetic tree constructed by the maximum parsimony method showed that all the toluene-denitrifying isolates form a phylogenetically coherent unit clustered with A. indigens and Azoarcus sp. strain BH72 (Fig. 4) (3, 8, 12, 36) , one that uses Fe(III) (28) , and one that uses sulfate have been reported (32) . This study yielded 10 new isolates and additional active enrichments. We believe that the most important reason for the improved success rate of enrichment and isolation was the strategy of avoiding toxicity by never exposing the culture to more than 5 ppm of toluene during the initial enrichment process. Also important were exhausting the residual available carbon before adding toluene, isolating cells by aerobic growth on M-R2A, and being sure to select the pinpoint colonies. This procedure, however, may have selected for only a certain group of denitrifying toluene degraders and may explain why we were unsuccessful in obtaining isolates from some of the active enrichments.
The seven new isolates appear to be closely related to each other and to be members of the genus Azoarcus. The identification is based on the fact that these isolates share the following key features with the described Azoarcus strains (20, 34) : all 16S rRNA sequences fall within the cluster for this genus, they fix nitrogen, they have the same type and proportion of cellular fatty acids as do the described strains, and they have similar morphology when grown on complex medium. They do have some phenotypic and ecologic differences from the described Azoarcus strains. The new strains all denitrify and grow poorly on TSA, which are not characteristics of the previously described strains (34 same substrate under both aerobic and anaerobic conditions. The phylogenetic heritage of the aerobic pathway at least is not necessarily expected because the aerobic toluene pathway has often been found on transmissible plasmids. The aerobic substrate range, however, is far more limited than that found for the well-studied aerobes, suggesting that the Azoarcus aerobic pathway(s) has unique features.
Hybridization at high stringency of the subunit probe for the toluene ortho-hydroxylase pathway to DNA from five of the Azoarcus isolates suggests the presence of this gene in these strains and hence that the ortho-hydroxylase pathway may be responsible for aerobic toluene metabolism. Two of the strains may also have the meta-hydroxylase pathway since they also hybridized to this probe at different positions on the Southern blot. Having three different toluene pathways, two aerobic and at least one anaerobic, in one strain is perhaps unexpected. Two of the strains had detectable plasmids, but the aerobic toluene pathway probes did not hybridize to the plasmids.
This study indicates that denitrifying toluene degraders are widely distributed in nature; and thus if nitrate were present or added, toluene should be removed. This conclusion is based on finding anaerobic toluene removal in such diverse and widely distributed environments as a pristine rain forest in 
